When Bradyrhizobiumjaponicum 1-110 was transferred into medium containing 40 mM succinate or 40 mM fumarate, over 90% of the bacteria acquired a swollen, pleomorphic form similar to that of bacteroids. The induction of pleomorphism was dependent on the carbon substrate and concentration but was independent of the hydrogen ion and sodium ion concentration. Cell extracts of rod-shaped and pleomorphic cells contained enzymes required for sugar catabolism and gluconeogenesis. Variations in these enzyme profiles were correlated with the carbon source used and not with the conversion to the bacteroid-like morphology. Rod-shaped cells cultured on glucose or 10 mM succinate transported glucose and succinate; however, the pleomorphic cells behaved similarly to symbiotic bacteroids in that they lacked the ability to transport glucose and transported succinate at lower rates than did rod-shaped cells.
Rhizobia form symbioses with a variety of leguminous plants. The plants produce photosynthate, some of which supplies the reductant and ATP required for nitrogen fixation. This substrate may limit nitrogen fixation rates (1, 14) .
Although sucrose and sugar alcohols are the most abundant carbon-containing compounds in the nodule cytosol (14) , dicarboxylic acids are the most likely class of compounds to support symbiotic nitrogen fixation for the following reasons: (i) bacteroids do not transport (16) or oxidize (41) sugars, (ii) bacteroids do oxidize (9, 26, 41) and transport (6, 11, 29) tricarboxylic acid cycle intermediates, (iii) mutants defective in sugar metabolism form effective symbioses (10, 31) , and (iv) mutants defective in dicarboxylate metabolism form ineffective symbioses (6, 7, 30) . The recent introduction of dicarboxylate transport (dct) genes from Rhizobium meliloti into Bradyrhizobium japonicum produced a strain with enhanced succinate uptake and freeliving nitrogen-fixing activities (2) .
Early in the symbiotic association, the rhizobia develop structurally and physiologically into bacteroids. The bacteria change from a rod shape to a swollen, pleomorphic form (4) in which cell division ceases (13) . Free-living Rhizobium trifolii acquire a similar morphology when cultured in media containing succinate (42) , as do rhizobia cultured in the presence of alkaloids (43) or yeast extract (17, 18, 35, 40) .
The physiological differentiation, aside from the development of the nitrogen-fixing mechanism, consists of changes in carbon substrate metabolic capabilities. In general, sugarcatabolizing pathways, e.g., Entner-Doudoroff (ED) and Embden-Meyerhoff-Parnas, are shut down (28, 32, 34, 39) .
Moreover, free-living rhizobia actively transport glucose (33, 38) and dicarboxylates (5, 16, 24) , whereas bacteroids transport dicarboxylates but not sugars (6, 12, 29, 33) .
This study further elucidates the role of dicarboxylates in the Rhizobium-legume symbiosis. We have characterized requirements for the induction of a bacteroid-like morphology in free-living cells as well as the effects of factors such as pH and mono-and divalent cation concentrations. In addition, we report the activity profiles of carbohydrate-catabolizing enzymes and substrate uptake activities of rod-shaped and pleomorphic cells. Thus, we have compared the physiology of rod-shaped and pleomorphic cells with that of symbiotic bacteroids to determine whether the substrateinduced morphological transformation in free-living cells is accompanied by an altered physiology analogous to that of the bacteroids. We found that the pleomorphic cells had a carbon substrate catabolic enzyme profile similar to that of the rod-shaped cells; however, such pleomorphic cells had glucose and succinate transport capabilities characteristic of bacteroids. (20 mM) were transferred to sterile centrifuge tubes and centrifuged at 7,000 x g and 4°C for 10 min. The cells were washed twice with 10 mM phosphate-buffered HUM salts, resuspended in the buffered salts, and used to inoculate experimental cultures for enzyme and transport studies.
MATERIALS AND METHODS
Protein determination. For the cell extract, protein was estimated by the dye-binding method of Bradford (3) , with bovine serum albumin as a standard. For uptake assays, whole cells and bovine serum albumin standards were first digested by a modification of the method of Stickland (36) in which 1 ml of whole-cell suspension was heated to 100°C for 5 min in 3% NaOH.
Preparation of cell extract. Two liters of early-stationaryphase cells were harvested by centrifugation, washed twice with 10 mM NaPO4-buffered HUM salts, suspended in 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.5) with 0.2 mM dithiothreitol, and passed twice through a French press at 15,000 lb/in2. The crude extract was then centrifuged at 44,000 x g for 20 min, and the supernatant fluid was assayed for the indicated enzymes.
Enzyme assays. Enzymes were assayed by published procedures as follows: glucokinase (21), glucose-6-phosphate dehydrogenase (21) , fructokinase (10, 21) , gluconokinase (20) , hexose diphosphatase (38) , and succinate dehydrogenase (15) .
Fructose-1,6-bisphosphate aldolase and the ED enzyme were assayed by monitoring the reduction of NAD+ at 340 nm, using a glyceraldehyde-3-phosphate dehydrogenase-3-phosphoglycerate phosphokinase-coupled assay system. The final reaction mixture contained 2.5 mM NaPO4, 0.2 mM 3-NAD+, 1 .66 mM ADP, and excess commercial glyceraldehyde-3-phosphate dehydrogenase-3-phosphoglycerate phosphokinase in a total volume of 1 ml. For each assay, additions were made to contain the following in the final reaction mixture: for fructose-1,6-bisphosphate aldolase, 40 mM Tricine {N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]-glycine}, pH 8.0; Sigma Chemical Co., St. Louis, Mo.} 100 mM KCl, 0.5 mM CoCl2, and 25 mM fructose-1,6-bisphosphate; and for the ED enzyme, 40 mM Tricine (pH 8.0) and 50 mM 6-phosphogluconate. This method effectively blanks out background activity caused by endogenous NADH oxidase.
All enzymes were assayed at 30°C in a quartz cuvette with a 1-cm light path. The change in absorbance was monitored by using a Bausch & Lomb Spectronic 501 spectrophotometer; in each assay, minus-substrate controls were used. All commercial enzymes were purchased from Sigma.
Transport of glucose and succinate by whole cells. Cells from 500-ml liter cultures were collected by centrifugation, washed twice with the uptake medium (HUM salts, NH4Cl, vitamins, and 10 mM NaPO4, pH 7.0), and suspended in 5 ml of uptake medium. The whole-cell suspension was diluted with uptake medium to contain 1 mg of protein per ml. Each uptake assay required 2.5 ml of cell suspension.
Glucose or succinate was added to the cell suspension at a final concentration of 2 mM. The assay was initiated by the addition of [2,3-14C]glucose (0.13 to 0.28 ,uCi per assay mixture) or [2,3-_4C]succinate (0.91 to 1.76 ,uCi per assay mixture). The assay mixtures were shaken at 30°C in a water bath; 0.5-ml portions were removed when desired, vacuum filtered through a 0.45-,um-pore-size nitrocellulose filters (TCM-450; Gelman Sciences, Inc., Ann Arbor, Mich.), and washed with 10 ml of uptake medium without the carbon substrate. The filters were air dried, placed in 7-ml glass miniscintillation vials, and completely covered with 6 ml of Safety-Solve scintillation cocktail (Research Products International Corp., Mount Prospect, Ill.). Radioactivity was determined by using an LS6800 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). The counts from time zero were subtracted from each time reading to correct for nonspecific binding of the substrate to the cells. Transport rates were calculated from the linear portion of the curve.
RESULTS
Induction of pleomorphism. Figure 1A shows the typical rod shape of B. japonicum (Fig. 2) . Nevertheless, at the stationary phase of growth, such cultures contained about 90% pleomorphic cells, although mid-log-phase cultures contained less than 10% pleomorphic cells (data not shown).
Possible chelation effects were also tested by growing the bacteria in HUM-L-arabinose (20 mM) broth containing different concentrations of EDTA. The bacteria grew in the presence of 2 mM EDTA but were unable to grow in 4 mM EDTA (data not shown). However, no pleomorphic forms were found in cultures containing 2 or 4 mM EDTA.
Furthermore, when we cultured B. japonicum 1-110 on 20 mM L-arabinose in the presence of 40 mM itaconic acid (a succinate analog that does not support growth), the cells did not become pleomorphic. We also found that L-arabinose did not prevent the induction of pleomorphism if the bradyrhizobia were grown in media that also contain succinate (data not shown).
Because we supplied succinate in the growth medium as disodium succinate, the possible effects of sodium concentration on cell morphology were tested. Succinate was supplied as free succinic acid, and the pH of the medium was adjusted by using NH40H, with 40 mM MOPS [3- This is a very low rate compared with that of rod-shaped cells produced by growth on 10 mM succinate or 20 mM glucose, which was 51 or 64 nmollmin per mg of whole-cell protein, respectively. When we grew the bacteria in 40 mM succinate with 40 mM MgSO4 and 4 mM CaCi2, the increase in Mg2+ and Ca24 had no effect on glucose or succinate transport (data not shown). However, increasing the concentration of these divalent cations does enhance succinate transport in B. japonicum grown on 15 mM succinate (24) .
DISCUSSION
The induction of pleomorphism appears to be a substratedependent physiological-genetic phenomenon, with succinate and fumarate being the best substrates for inducing the transformation. Interestingly, strains of R. meliloti that lack succinate dehydrogenase but have the ability to transport succinate fail to produce pleomorphic forms when grown in the plant or in media containing succinate (8) .
This morphological transformation could not be prevented by increasing the magnesium or calcium concentration in the medium, nor could it be produced solely by growing the bacteria in the presence of EDTA; therefore, the chelation of divalent cations alone is not capable of producing pleomorphism.
Magnesium and calcium have similar effects in some fast-growing rhizobia. Urban and Dazzo (42) reported that in media containing 16 The sodium concentration or the pH of the medium does not seem relevant to this morphological transformation.
Enzyme profiles. Gluconate is metabolized primarily by the ED pathway (20) ; therefore, enzymes of this pathway should be present in extracts of gluconate-grown cells. Succinate was used because it is capable of generating either rod-shaped or pleomorphic forms, depending on its concentration in the medium (Table 1) . Furthermore, in Rhizobium sp. strain 32H1, succinate represses the synthesis of sugarcatabolizing enzymes (39) .
Succinate-grown cells of cowpea Rhizobium sp. strain NGR 234 resemble bacteroids in that they lack fructokinase and show very low levels of other sugar-catabolizing enzymes (34) . Bacteroids of B. japonicum USDA 110 lack the ED enzyme (the coupled activity of 6-phosphogluconate dehydratase plus 2-keto-3-deoxy-6-phosphogluconate aldolase), NADP-6-phosphogluconate dehydrogenase, and fructokinase, although other sugar-catabolizing enzymes are present (28, 32 (11, 19, 20, 22, 23, 25, 31, 34, (37) (38) (39) . Therefore, it is conceivable that the assay used by Streeter and coworkers may not be valid for B. japonicum. They assayed the ED enzyme by monitoring the oxidation of NADH, using lactate dehydrogenase. We were likewise unable to detect any ED enzyme activity by this assay. Our assay protocol allows for detection of the ED enzyme. In light of this, the reported lack of the ED enzyme in bacteroids of B. japonicum is questionable.
Transport of glucose and succinate. In regard to carbon substrate uptake, free-living rhizobia actively transport glucose (33, 38) and succinate (5, 16, 24) into the cell. However, bacteroids of B. japonicum USDA 110 lack the ability to actively transport glucose, but they are able to actively transport succinate and other dicarboxylates (6, 12, 29) . The transport of glucose appears to be regulated by the growth substrate, since succinate-grown cells of cowpea Rhizobium sp. strain 32H1 are unable to transport glucose, and succinate-or malate-grown cells of B. japonicum 1-110 show very low glucose uptake rates (33) .
When B. japonicum 1-110 was grown on 10 mM succinate or 10 mM succinate plus 20 mM glucose, the rate of glucose transport was one-half that seen in glucose-grown cells, which indicates that succinate represses glucose uptake. The inability of our pleomorphic cells to transport glucose suggests that either (i) the higher concentration of succinate (40 mM) completely repressed active transport of glucose or (ii) since the pleomorphic cells also transported succinate at low rates, these cells lost transport system proteins during the transition from a rod-shaped form to a bacteroid-like morphology. In Bradyrhizobium sp. strain 32H1, growth on succinate also leads to similar swollen, bacteroid-like forms which show an absence of several high-molecular-weight outer membrane polypeptides (27) .
Our pleomorphic bacteria generated by growth on 40 mM succinate showed glucose and succinate transport capabilities similar to those of symbiotic bacteroids. Both the pleomorphic cells and the bacteroids (29) lack the ability to transport glucose; in addition, the pleomorphic cells transported succinate at 4 nmol/min per mg of protein, and the bacteroids transport it at 3.7 nmol/min per mg of protein (29) .
In summary, growth on succinate, as well as other dicarboxylates, transformed free-living bradyrhizobia into cells having a bacteroid-like morphology. In addition, these transformed cells possessed a bacteroid-like physiology with respect to ability to transport glucose and succinate. These pleomorphic cells also expressed an enzyme profile similar to that reported for symbiotic bacteroids except that the bacteroids lacked the ED enzyme, although this result is questionable (see Discussion).
